Neurophysiological monitoring has been recommended to reduce the risk of neurological damage during a wide variety of surgeries. While the concept of an anaesthesia-led intraoperative neurophysiological monitoring (IONM) service is not new, the quality of this service provision has not been studied. In this article, we present our experience with the establishment of this service, and the results of our audit of 302 cases monitored over the initial four years. Our results identified that an anaesthesia-led IONM service was able to achieve a reliable signal in 95.4% of cases and capture significant alerts in 15.6% of these cases with sensitivity, specificity, false positive and negative rates consistent with published data. Our results indicate an anaesthesia-led IONM service is effective in identifying patients at an increased risk of an adverse outcome.
Intraoperative neurophysiological monitoring (IONM) is becoming a necessary component of patient care during surgical procedures which place neural structures at risk. The American Academy of Neurology recently published an evidence-based review of IONM in spinal surgery, concluding that "IONM is established as being effective to predict an increased risk of the adverse outcomes of paraparesis, paraplegia, and quadriplegia" 1 . In Australia, the widespread uptake of IONM is hampered by the lack of availability of trained personnel to perform neurophysiological studies in the operating theatre and to interpret those studies. Anaesthetists are potentially well placed to fill this gap. With their expertise in neuromuscular physiology, anaesthetists are aware of the impact of anaesthesia and surgery on these systems and are able to integrate IONM into standard practice. Anaesthetists have also played an important role in the development of IONM services worldwide, with anaesthetists heavily involved in the first four international symposia on spinal cord monitoring as well as authoring many of the scientific publications on IONM 2 . This paper aims to outline our initial experience in establishing an anaesthetist-led IONM service and to benchmark our results against current published data.
Materials and methods
In early 2011, in response to increasing requests from surgeons and a lack of availability of scientifically trained neurophysiologists, a group of three anaesthetists at Royal North Shore Hospital in Sydney decided to introduce an anaesthetist-led IONM service.
Royal North Shore Hospital is a large tertiary referral and major trauma centre and one of two spinal centres servicing the state of New South Wales (population 7.3 million). A co-located private hospital has an additional large neurosurgical caseload, with approximately 6,000 spinal and neurosurgical cases performed annually between the two sites. Both hospitals had purchased the neuromonitoring hardware prior to the establishment of the service.
The initial training required by the involved anaesthetists to establish the service included reading recognised texts, attending overseas IONM courses and on-the-job learning with neurologists, neurophysiologists and anaesthetists already skilled in neuromonitoring. Assistance was also provided by Medtronic (Memphis, TN, USA) (who market the NIM® neuromonitoring system used at both the above hospitals) in the form of onsite and offsite training and support. It was our experience that, while the theory component was intuitive and an extension of our prior knowledge in physiology and neuroanatomy, the biggest hurdle was navigation of the IONM software. The NIM software has a very technical interface and familiarisation with the software was imperative to acquire adequate signals, troubleshoot, and ultimately provide accurate monitoring.
During the first few months of our training, a second anaesthetist was allocated to each case, primarily to focus on the provision of anaesthesia. In our early attempts at monitoring, it was evident that failure to obtain adequate neurophysiological responses was usually due to operator error rather than patient factors, and this was particularly so with somatosensory evoked potential (SSEP) monitoring. After two months all anaesthetists could set up, acquire and monitor reliable signals independently. After approximately six months of training, having monitored 20 to 30 cases each, all three anaesthetists were confident in their ability to independently perform and interpret intraoperative neurophysiological studies, while also having responsibility for the provision of anaesthesia.
From inception, we predetermined that our practice needed auditing, and a web-based database was established to record IONM cases and outcomes, with local ethics approval given for the data collection. The database collects patient age and sex, the monitoring modalities used, the success at obtaining useable signals, and the type of surgery.
A free text area is used to record issues with monitoring. Outcome data includes the appearance of an intraoperative event, the impact on the surgery and the identification of any new postoperative deficits. The analysis of the initial four years of data (302 cases) is discussed below.
Results
Patient baseline data is displayed in Table 1 . The variety of surgical procedures monitored is shown in Table 2 . Our success in achieving adequate monitoring signals is shown in Figure 1 . As can be seen, IONM was abandoned in only 14 cases (4.6% of total cases) due to the inability to achieve any reliable signal. This number includes eight cases where brainstem auditory evoked potentials were unable to be performed, four of which were later found to be due to equipment failure.
In 45 patients (15.6% of patients with successful monitoring) a change in IONM signal warranted an alert to the surgical team. All of these alerts resulted in some change to patient management. One of these patients had two different changes relating to different events. In total 46 intraoperative alerts occurred during our four-year audit, the details of which are outlined in Table 3 .
There were only four patients where the intraoperative changes could not be reversed with changes to patient management; two of these patients developed neurological deficits postoperatively. There were a further three patients who developed neurological deficits postoperatively, the details of which are outlined below. This yields a specificity of 99.3%. We detected an irreversible IONM change in only two of the five patients with postoperative deficit, yielding a sensitivity of 40%. Of these three false negative cases, two developed deficits in neurological pathways other than those being monitored and the remaining patient's deficit was not present immediately postoperatively.
Outlining what an alert means ("What is the chance that an alert will result in neurological impairment" or alternatively Table 1 Baseline characteristics
Number of cases 302
Age, years, mean (SD) 59.8 (17.0)
Male patients, n (%) 160 (52.6%)
Pre-existing neurological impairment related to the indication for surgery, n (%) 54 (17.8%) SD, standard deviation. Table 2 Number of cases by type of surgery Surgery Number of cases (total 302)
Brachial plexus reconstruction 1
Carotid endarterectomy 37
Cervical spine 73
Cranial nerve decompression 22
Craniotomy for aneurysm 41
Craniotomy for tumour 10
External to internal carotid bypass 5
Extensive spine 26
Lumbar spine 52
Shoulder surgery 1
Thoracic spine 32
Thoracic aneurysm 1
Foramen magnum decompression 1 BAEP, brainstem auditory evoked potentials; EEG, electroencephalography; SSEP, somatosensory evoked potentials; EMG, electromyography; TcMEP, transcranial motor evoked potentials. As multimodal monitoring was used routinely, the total number of monitoring events is more than the total of 302 cases.
"What is the chance of neurological impairment with no changes in monitoring") requires a consideration of false positive and false negative rates (FPR/FNR). Calculating these using irreversible alerts gives a FPR of 0.7% and FNR of 60%. False negatives are a very important consideration, as not being able to detect a potential deficit greatly reduces the usefulness of IONM. If the outcome was defined as a deficit in a pathway that was being monitored and was present on waking, our calculated FNR drops to 0%.
Notable cases
We present below the details of a few notable cases in which IONM was used and resulted in alerts, to demonstrate the utility of intraoperative monitoring.
The first case was clipping of a middle cerebral artery (MCA) aneurysm. Within five minutes of clip placement, unilateral SSEP prolongation was seen correlating to the operative side. An unplanned intraoperative cerebral angiogram was performed, revealing the inadvertent occlusion of an arterial branch by the aneurysmal clip. Repositioning resulted in the return of the SSEP to baseline. The patient had no postoperative neurological deficit.
The second case was of a cervical (C3-7) decompression and fusion in a patient with no pre-existing neuropathy. Following screw placement, a unilateral loss of amplitude of the left cortical SSEP was seen and reported to the surgeon. An intraoperative computed tomography scan showed intraforaminal misplacement of the right sided C7 screw. SSEPs returned to baseline following replacement of this screw, and the patient awoke with no demonstrable neurological deficit.
The third patient was having an occipitocervical fusion for ankylosing spondylitis. Following decompression, the cervical spine was straightened into a neutral position. Almost immediately, a loss of motor evoked potentials (MEP) was seen in the muscle groups monitored below C7 (hand muscles, quadriceps and gastrocnemius bilaterally). The neck was returned to its original position with an almost immediate return of potentials. Further decompression was performed and the fusion guided by MEP preservation, with the neck finally positioned with 10%-15% flexion. This was a profound improvement on his preoperative neck extension. The patient awoke with no neurological deficit and was very pleased with the improvement in his head position.
False positive cases
Out of 46 total intraoperative alerts, we had only four cases where the signal change could not be reversed. Only two of these patients had a postoperative deficit. The remaining two cases were both SSEP signal changes, with the changes thought due to the effects of cold irrigation fluid in one instance and dislodgement of electrodes after turning a patient to perform cardiopulmonary resuscitation in the other.
False negative cases
There were three cases of new postoperative deficits without IONM changes. Of these, two were in neural pathways that were not being monitored at the time of insult, as outlined below. The pathways that are monitored are at the discretion of the anaesthetist, in consultation with the surgeon, with the aim to prevent the most likely deficit postoperatively. The choice of monitoring also takes into account practical difficulties that exist in monitoring certain pathways.
The first case was a two level direct lateral fusion where the patient awoke with worsening of preoperative hip flexor weakness and anterior thigh numbness. This was thought due to an L2 nerve palsy. The L2 nerve root is problematic to monitor due to the limited number of muscle groups accessible to place electrodes within. This patient was female, and a cremaster electrode could not be placed.
A second patient having a difficult and prolonged MCA aneurysm clipping awoke with right-sided upper limb motor deficit despite normal electroencephalogram and SSEP monitoring. Sensation was intact postoperatively and it was presumed that an internal capsule stroke following intraoperative aneurysmal manipulation was the most likely cause. This presumption was confirmed on postoperative magnetic resonance imaging. Motor tracts were not monitored for this case, but are now routinely monitored during aneurysmal surgery.
The third patient developed temporary prolongation of auditory-evoked potential latency during a microvascular decompression for hemifacial spasm. These changes returned to baseline after relaxation of retraction. The patient awoke with buzzing and ringing in the operative ear progressing to complete hearing loss after 12 hours.
Discussion
IONM at its simplest is the stimulation of a structure (the 'stimulus') and measurement of its effect (the 'response'). Stimulation can be either at the cerebral cortex (transcranially or directly), at the level of the spinal cord or the peripheral nerve (by direct stimulation of both sensory and motor nerves or by indirect stimulation through auditory or visual means). The response may be an electrical potential at the level of the cortex (cortical evoked potentials), spinal cord (epidurally or peripherally) or a motor response in the muscle (both visual and measured electrical activity). By delivering a stimulus and measuring a response, the integrity of a neural structure can be confirmed in an anaesthetised patient. During a procedure where a neural structure is threatened by ischaemia, stretch or direct damage, IONM can be used to identify neural impairment and allow for the adjustment of patient management (both surgical and physiological) before the impairment becomes permanent. An in-depth analysis of IONM is beyond the scope of this paper, but a recent review article provides an excellent outline of the modalities currently available and their use intraoperatively 3 . The provision of a wide spectrum of intraoperative neurophysiological monitoring is possible by the primary treating anaesthetist. The benefits of this service include: 1. Increased patient safety with improvements in outcomes for patients having surgery that puts neural structures at risk. 2. Increased understanding of surgical technique by the anaesthetist, and team-focused management. 3. Improvements in surgical technique and clearance of tumours. 4. Economic benefits with reduced costs compared to a separate neurophysiological monitoring service. 5. The potential introduction and testing of new monitoring modalities for surgery threatening neural structures. 6. The ability for rapid correction of physiological and pharmacological causes of changes in neuromonitoring signals. We have seen that, after a relatively steep learning curve, the provision of this service has minimal effect on surgical list time and anaesthetic complications. This is important in Australia where there is a dearth of scientifically trained neurophysiologists available to provide this service. A recent review outlining the provision of IONM services in the United States also supports the importance of anaesthesia providers involving themselves in IONM 4 . It must be stressed that the provision of the anaesthetic service is always the primary concern of the treating anaesthetist. With complex cases with considerable fluid shifts or blood loss, a second person (be that a second anaesthetist or technologist) should be employed for the IONM component.
An important element of our anaesthetist-led IONM service is the close interaction between the surgical and anaesthetic specialties. We rely on each other to understand the surgery being undertaken and to alert each other when something unexpected happens to aid in signal change interpretation. It is also advantageous as surgery is just one of the causes of signal change and anaesthetists with a good understanding of IONM techniques will appreciate the physiological, pharmacological and technical causes of signal change and have the ability to correct these. Our case selection includes surgical cases with a relatively high baseline risk of neurological damage. We tend to not monitor uncomplicated spine surgery (e.g. stable single or two level fusions and anterior cervical discectomy and fusion) and this may be the reason behind our high rate of intraoperative IONM alerts, with IONM impacting surgical management in almost one in five cases.
Our baseline acquisition rates, FPR and FNR, sensitivity and specificity are all well within the ranges reported in a recent literature review in spine surgery 5 . These results support our ability to provide a quality IONM service.
While our sensitivity (40%) calculations may be considered to be low, the greatest value in IONM lies in those cases where monitoring alerted to potential harm and changes in management led to return of the monitoring signals and possibly averted neurological morbidity. This is not reflected in our 40% calculation.
While the benefits of an anaesthetic-led IONM service are many, this service provision is not without its drawbacks. Firstly, there is the additional anaesthetic time required for setup. After the initial training period, IONM setup time generally is 10 to 15 minutes and the economics of this extra time need to be assessed against the cost of utilising an external service. Secondly, the provision of breaks by another suitably qualified anaesthetist with IONM experience is very limited. Thirdly, adding IONM to the other traditional anaesthetic monitoring modalities adds a layer of complexity and stress to already complex cases. We have found during our experience, however, that while it does make the anaesthetic more demanding, with increased experience, performing IONM and dealing with the problems that arise becomes part of standard practice.
We feel that IONM should become a core component of neuroanaesthetic teaching to reinforce the position of anaesthetists as experts in human neurophysiology and the effects of surgery and anaesthesia on this. The establishment of formalised courses for conducting IONM is necessary and the development of a formalised certification for anaesthetists may be established in the future. The importance of IONM for neuroanaesthetists was supported by a recent survey of members of the Society of Neurosurgical Anesthesia and Critical Care, which identified that IONM was one of the three top subjects that needed to be incorporated into a neuroanaesthesia fellowship 6 . Finally, audits are an ever-important component to the introduction of a new practice. Assessing outcomes assures the validity and quality of service delivered are consistent with best practice, and should be considered a necessary requirement of any IONM service.
